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Abstract 

In 1979 all former workers from the Witten- 
oom asbestos industry who could be traced to 
an address were sent a questionnaire to deter¬ 
mine smoking history. Occupational exposure 
to crocidolite was known from employment 
records. Of 292$ questionnaires sent, satisfac¬ 
tory replies were received from 2400 men and 
149 women. Eighty per cent of these had 
smoked at some time and 50% were still smok¬ 
ing- Since that time 40 cases oflung cancer and 
66 cases of compensatable asbestosis have 
occurred in this cohort. The incidence of both 
lung cancer and asbestosis was greatest in 
those subjects with the highest levels of 
exposure to crocidolite and in ex-smokers. 
Statistical modelling of the joint effects of 
these exposures on the incidence of each dis¬ 
ease indicated that crocidolite exposure multi¬ 
plied the rates of lung cancer due to smoking 
and that smoking had no measurable effect on 
the rates of asbestosis. There was also some 
evidence that the incidence rate oflung cancer 
is falling with time. 


Crocidolite was mined at Wittenoom in Western 
Australia from 1937 until 1966. From 1943 until 1966 
the principal leases were mined by a single company, 
Australian Blue Asbestos (ABA), which employed 
over 6006 people, mostly for short periods. The 
employment records of the company have formed the 
basis of a continuing cohort mortality study of the 
workforce.’ : The workforce has been shown to have 
raised incidence and mortality from asbestosis, lung 
cancer, and malignant mesothelioma. The increases 
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in incidence of these three known asbestos related 
diseases have shown clear associations with both Level 
and duration of exposure to asbestos. 12 3 Higher than 
expected mortality from alcohol related diseases and 
other smoking related diseases has also been recorded 
as well as excesss mortality from tuberculosis 
attributed to the migrant state of the workers.' 

Cigarette smoking and exposure to one or othe, 
form of asbestos are both known to cause lung cancer 
and most evidence suggests that their effects are 
multiplicative in its production. 45 This is to be 
expected because smoking and asbestos probably act 
at different stages in the process of carcinogenesis. 4 
The combined effects of smoking and exposure to 
crocidolite alone on risk of lung cancer have not 
previously been shown prospectively except by 
Baker 7 in an earlier study on the Wittenoom workers. 
That study used only rough groupings of worksite t< 
estimate exposure to crocidolite and. was restricted t- 
cases of lung cancer arising in Western Australia. 

It has long been known that diffuse interstitial 
pulmonary fibrosis can be caused by asbestos and that 
the occurrence of this disease and its severity have 
declined consistently since the introduction of dust 
suppression methods throughout industries in which 
asbestos has been used. 3 Although asbestosis does not 
occur in the unexposed general population, radiogra¬ 
phic abnormalities consistent with asbestosis have 
been found in 10% or more of members of the 
families of amosite factory workers and shipyard 
workers 510 and 5% to 30% of occupational cohort 
mostly exposed to mixtures of types of asbestos.” 
Definite exposure reponse relations between both 
level and duration of exposure to asbestos and 
presence of definite radiographic abnormalities have 
been shown by many authors, 11-14 and similar rela¬ 
tions exist for mortality from asbestosis. Many, but 
not all, studies 15 have also shown that smoking 
increases the prevalence of abnormal findings on x ray _ 
films in populations of asbestos workers,that 
smoking may increase the rate of progression of 
parenchymal asbestosis, 14 and that prevalence of 
abnormal radiographs is also related to age. 11 Oni 
longitudinal study has also shown independent effect" 
of cumulative exposure, smoking habit, and age or. 
the incidence of abnormality. 12 

The Wittenoom cohort provides a unique oppor¬ 
tunity to study these exposure response relauons for 
subjects exposed almost exclusively to crocidolite. 
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Previous studies on the Wittenoom cohort have 
shown positive effects of cumulative exposure on the 
prevalence 25 and the severity of radiographic asbes¬ 
tosis, 24 on mortality from asbestosis, 13 and on the rate 
of progression of established asbestosis. 25 

The aim of this study was to examine the separate 
and combined effects of smoking and exposure to 
crocidolite on the incidence of lung cancer and 
asbestosis in workers exposed Only to crocidolite. 


Subjects 

There were 6500 known employees of the Australian 
Blue Asbestos Company between 1943 and 1966. A 
total of2928 of these workers were traced in 1979 and 
were sent a questionnaire on smoking and other 
occupational exposures. Two thousand four hundred 
men replied. These constitute the cohort for this 
study. Follow up of this cohort has been maintained 
since that date. 


Methods 

Methods of follow up, ascertainment of vital state, 
and estimation of levels of exposure to crocidolite 
have been described in full previously. 12 Briefly, 
demographic and basic exposure data were obtained 
from employment records supplemented, when 
incomplete, by records of the Perth chest clinic, 
which performed compulsory pre-employment and 
subsequent periodic examinations by chest x ray film 
of all employees, and by records of the Western 
Australian Mineworkers Relief Fund, a compulsory 
benevolent fund to which the company paid monthly 
subscriptions deducted from each employee. 

Ascertainment of vital state in this cohort of 
questionnaire responders has been chiefly carried out 
by periodic mailing since 1979. Where necessary this 
information has been supplemented by access to 
death registries Tn all States of Australia from 1 
January 1981 to 31 December 1986, all State and 
Commonwealth electoral rolls current in 1986 or 
later, and all Australian telephone directories current 
in 1986 or later. 

A survey of airborne respirable fibres of crocidolite 
greater than 5 tan in length was Carried out at various 
work sites at Wittenoom in 1966.“ These 
measurements were used to obtain estimates of fibre 
concentrations for all 87 job categories in the various 
worksites. A subjective ranking of the degree of 
dustiness of these jobs, both before and after Septem¬ 
ber 1957, when a less dusty milt commenced opera¬ 
tion, had been provided by an ex-superintendent of 
operations at Wittenoom and verified by the indus¬ 
trial hygienist who conducted the 1966 survey, 1 The 
subjective ranking of each job was combined with the 
results of the 1966 survey of fibre concentrations to 
provide an estimate of dust exposure for every job at 


Wittenoom. The scale was used to estimate fibre 
concentrations in earlier periods and in jobs not 
included in the survey. 

This study was designed as a case-control study 
within the cohort of2400 people. 27 The incident cases 
of asbestosis and lung cancer were identified by a date 
of diagnosis after the date of returning the question¬ 
naire up to December 1986. The date of diagnosis of 
asbestosis for each subject was established through 
the records of the Pneumoconiosis Medical Panel of 
Western Australia, which handles workers compen¬ 
sation claims for dust diseases in this State and from 
death certificates obtained from the Registrars Gen¬ 
era) throughout Australia. The date of diagnosis of 
lung cancer for each subject was established through 
the Pneumoconiosis Medical Panel and death cer¬ 
tificates as well as through all cancer registries in 
Australia. Each case of asbestosis and lung cancer 
was matched to all subjects from the cohort who were 
not known to have developed asbestosis, lung cancer, 
or malignant mesothelioma by the year of diagnosis 
of the case, who were the same age (exact year), and 
who were known to be alive in the year of the case’s 
diagnosis of asbestosis or lung cancer. Thus subjects 
could be controls for more than one case and some 
cases could be controls for other earlier cases. Vari¬ 
ables compared between cases and controls were 
smoking state, average intensity of exposure to 
crocidolite (fibres (f)/ml), duration of crocidolite 
exposure (days), time since first exposure (years), year 
of birth, year of starting work (before 1950, 1950-6, 
after 1956), cumulative exposure to crocidolite and 
work site (mil! only, mill and elsewhere (including 
mine and unknown), mine only, mine and elsewhere 
(not including mill), neither mine nor mill, and 
unknown. 

Smoking habit was categorised as that given on the 
questionnaire and was assumed not to change 
throughout the study. For ex-smokers it was 
therefore assumed that the time since they had last 
smoked was the time between giving up and the time 
of diagnosis of their disease or that of the matched 
case. 


Statistical methods 

The frequencies of the variables of interest in the 
matched sets of cases and controls were compared 
using conditional logistic regression analysis ; 'fo“ 
estimate odds ratios by use of the computer program 
EGRET. 58 For tabular presentations, because cases 
were matched to sets of controls of varying sizes, 
variables were averaged across each control set before 
taking the overall average. 

The odds ratio was taken to approximate the 
relative risk or rate ratio. Interaction odds ratios were 
also estimated to examine the goodness of fit' of the 
multiplicative model to the data. A poor fit would be 
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suggested by interaction odds ratios that were dif¬ 
ferent from one; terms less than one showing that the 
relative effect of asbestos was less in smokers than 
non-smokers (or conversely, that the relative effect of 
smoking was less in those exposed to asbestos than 
those unexposed) and that the combined effects 
would be likely to be additive, with terms greater 
than one implying a combined effect that would be 
more than multiplicative, as for example in initial 
analyses of American insulation workers where no 
lung cancers occurred in non-smokers. 29 

Other workers have generally expressed the 
relative risks of lung cancer for asbestos workers in 
terms of their cumulative exposure (the product of 
duration of exposure and level of exposure summed 
over all different jobs, sites, etc). 3 " 31 K Although this 
may be an inappropriate measure from the 
theoretical point of view 35 and is certainly in¬ 
appropriate for mesothelioma, 3 ' 1 analogous to the 
inappropriate use of pack-years of cigarette-smoking 
when assessing risk from tobacco, 33 it has received 
widespread use and often appears to fit available data 
better than the separace terms. Accordingly, in this 
study, different measures of exposure were used in 
alternative models and the relative goodness of fit of 
these non-hierarchical models was assessed using 
differences in the residual deviance. 3 ’ 


Results 
LUNG CANCER 

There were 40 cases of lung cancer and 1799 matched 
controls. The mean duration of exposure to 
crocidolite for cases of lung cancer was nearly twice 
that of the control subjects (table 1). The intensity of 
exposure to crocidolite and time since exposure did 
not appear to be different between the cases and 
controls. The proportion of subjects who had never 
smoked or who had stopped smoking more than 10 
years before replying to the questionnaire was lower 
in the control subjects chan in those with cancer, 
whereas the proportion of subjects who had recently 
stopped smoking or who continued to smoke was 
greater in the lung cancer cases than in the controls. 

The relative risk associated with exposure to 
asbestos was slightly greater in smokers than in non- 
smokers (table 2). The larger effect of exposure to 
asbestos in smokers was not significantly different 
from previous findings of a likely multiplicative 
model, for which the relative effect of asbestos would 
be expected to be one. 

When ail the variables listed in table 1 were 
included in the same model the relative risk of lung 
cancer in the current smokers was roughly five (table 
3). This was slightly greater in heavier smokers. It 
rose to 13-9 in subjects who had stopped smoking 
within six years of the date of diagnosis of the index 
case and then fell to 7-2 in those who had stopped 


Table l Lung cancer: asbestos and cigarette smoke exposure 
variables 



Cases 
(n = 40) 

Controls 
in = 1799 

Crocidolite exposure state: 

Mean duration (days) 

126 

450 

Mean intensity (f/ml) 

28 

24 

Mean cumulative (f/ml-years) 

49 

26 

Mean time since first exposed (y) 

25 

23 

Smoking state (%): 

Never smoked 

7-5 

25 

Ex > 10 y 

7-5 

20 

Ex 6-10 y 

15 

8 

Ex <6 y 

12-5 

4 

Current < 20/dav 

25 

19 

Current > 20/day 

32-5 

24 


*Mean of the mean of each set of controls. 


Table 2 Lung cancer: relative effects of smoking and 
asbestos exposure 


Asbestos 

exposure 

* 


Non-smokers^ 

Smokers 


High 

Low 

High 

Low 

4 

2 

25 

9 

357 

399 

521 

522 


Cases 4 2 25 0 

Controls 357 399 521 522 

Relative risk 

Matched analysis (95% Ci) 1-90 (0-62-5-85) 2-62 0-18-5-79 
Relative asbestos effect (NS:S) 0-73(95“o CI, 0-11-5-80) 

(p = 0 74) 

*Low exposure here is less than 10 f/ml-years. 
tNor,-smokers include ex-smokers of longer than 10 years. 

Table 3 Lung cancer: relative risks for combined cigarette 
smoking and asbestos exposure, all variables included together 
in a single model 


Asbestos exposure: 

Total cumulative (per !og e (f/ml-years» 
Time since Erst exposed ( > 25 yj 

Smoking state: 

Never 
Ex >10y 
Ex 6-10 y 
Ex <6 y 

Current < 20/day 
Current ^20/day 


Relative risk 
195% Cl) 


1-40(1-12-1-75; 
0-48 (0-24-0-08) 


1-0 

1-30 (0-25-6-90) 
7-21 (1-63-31-9) 
13-9 (2-84-67-7) 

4- 49(1-17-17-2) 

5- 76(1-51-22-0) 


smoking 6-10 years previously. It then fell to 1-3 with 
more than 10 years since stopping smoking. Adjust 
ment of the relative risks for both smoking an 
exposure to crocidolite made no difference to eithc 
set of relative risks indicating little or no confound¬ 
ing. These relative risks were all significantly greater 
than one, except for ex-smokers-of longer 'than 10 
years duration. There was no significant interaction 
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term between smoking and exposure to crocidolite 
(p > 0-4 in all cases) showing that die multiplicative 
model fitted the data reasonably well. 

The relative risk of lung cancer was significantly 
rdated to the duration of crocidolite exposure and 
c:so to cumulative exposure to crocidolite. When 
added to a model including duration of exposure, the 
effect of intensity of exposure, although small, was 
altnostsignificant(p = 010). Relative risks were 1-18 
(95% confidence interval (95% Cl) 1-04—1-33) per 
year of exposure and 1 -08 (95% Cl 0-97-1-20) per 10 
f/ml. An apparently better fit to the data was, 
however, obtained using log (cumulative exposure) 
in place of the separate terms for intensity and 
duration of exposure with the residual deviance 
lower by 3-3 with one less parameter estimated. 

The only other significant variable was a term for 
years since first exposed. The best fit for the data here, 
indicated by examining the effects of the variable after 
categorisation, was a single term with a lower relative 
risk of0-48 (95% Cl 0-24—0-98) for those first exposed 
more than 25 years ago (table 3). 

ASBESTOSIS 

The mean duration of exposure to crocidolite was 
nearly three times as high in the 66 subjects with 
asbestosis as in the 2647 control subjects (table 4). 
Intensity of exposure was also higher among cases 
man controls, as was cumulative exposure. No dif¬ 
ference in smoking habits between the two groups 
was found. 

The best fitting model for exposure to asbestos 
(table 5) included a quadratic term in either duration 
of exposure or cumulative exposure. As with lung 
cancer, the model with cumulative exposure was a 
better fit (a reduction of 2-5 in the residual deviance 
with one less term estimated). 

The only other significant effect was that for work 
site (p = 0-005) with the highest rates associated 
with work in the mine proper. Smoking had no 


Table 4 Asbestosis: asbestos and cigarette smoke exposure 
variables 


Table 5 Asbestosis: relative risk for combined cigarette 
smoking and asbestos exposure , all variables included together 
in a single model 



Cases 
in = 6$> 

Controls* 

(n — 2647} 

Crocidolite exposure state: 

Mean duration (days'! 

1000 

394 

Mean intensity (f/mO 

35 

25 

Mean cumulative (f ml-years) 

71 

23 

Mean time since first exposed (y) 

25 

26 

Sr-oking status (%): 

\ever smoked 

21 

21 

->;x >IOy 

21 

19 

Ex 5-10 v 

9 

8 

Hx <6 v 

11 

6 

Current <20/day 

15 

20 

Current ^20/ day 

24 

26 



Relative risk 
(9$% Cl) 

Asbestos exposure; 

Total cumulative (per (i/ntl-years}) 

Total cumulative 1 (per (f/ml-years) 2 ) 

1-033(1 021-1‘045) 

0-999 (0-999-T000) 

Site of work: 

Neither mine nor mill 

10 

Mill only 

2-71 (1-13-6’20) 

Mine only 

6-99 (3-43-14-23) 

Mill and elsewhere 

6-45 (2-66-15-65) 

Mine and elsewhere 

7-60 (1-22-47-43) 

Unknown 

4-69 (2 18-11-32) 

Smoking state: 

Never 

10 

Ex > 10 y 

0-99 (0-44-2-23) 

Ex 6-10 y 

0-95 (0-34-2-67) 

Ex <6 v 

2-30(0 80-6-65) 

Current <20/day 

0-72 (0-30-1-76) 

Current >20/day 

1-07(0-49-2-34) 


‘Mean of the mean of each set of controls. 


consistent effect (p — 0-57) on the relative risk of 
asbestosis. The effects of the smoking variables were 
almost the same even without the adjustment for 
exposure to asbestos included in table 5, indicating 
little confounding between the two exposures. 


Discussion 

This study has shown that smoking state is related to 
the rate of lung cancer in Wittenoom crocidolite 
workers. The risk in current smokers was dose 
related and the risk in ex-smokers was greatest in the 
period up to six years from stopping. There was a 
smaller but scill highly significant effect of crocidolite 
exposure on Che rate of lung cancer. In our study this 
was best expressed in terms of the logarithm of total 
cumulative exposure rather than with separate terms 
for duration and intensity as was found previously . 1 

Statistical modelling of the effect of smoking and 
exposure to crocidolite on the risk of lung cancer 
indicated that these effects acted multiplicatively as 
reported in cohorts exposed to other forms of 
asbestos. 

Previous studies have found a reduction in relative 
risk from asbestos associated lung cancer long after¬ 
exposure has ceased. 36 37 That this should be so is 
supported by cheoreucal principles of the multistage 
theory of carcinogenesis if it is assumed that asbestos 
acts ac a late stage in the disease process and there is 
elimination of asbestos from the lungs. 1 Because of 
the way the cohort for this study was defined long 
after exposure had ceased, any such effect would, 
however, probably be overemphasised because of 
survivoreffectsanalogous to the healthy workereffect. 

The high relative risks in ex-smokers could be due 
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to inaccuracies in self reporting or, more likely, to 
people quitting after either experiencing symptoms 
or being advised to stop smoking after reporting 
symptoms. The higher risk for asbestosis among 
recent quitters supports this interpretation. 

Both duration and intensity of exposure to 
crocidoiite as well as cumulative exposure have been 
shown to be strongly related to the risk of asbestosis. 
The better fit of the quadratic model and the use of 
cumulative exposure has also been shown before 132 * 
and has some theoretical support from consideration 
of lung clearance mechanisms. 13 

Other studies have shown that increasing age and 
smoking have an effect on producing minor grades of 
abnormality on the chest x ray films even in the 
absence of exposure to asbestos. 35 38 59 Hence it may 
not be that smoking is making any difference to the 
process of asbestosis as has been assumed in the 
analysis. The radiological abnormalities related to 
smoking that mimic pneumoconiosis probably result 
from peribronchiolar fibrosisrather than diffuse inter¬ 
stitial fibrosis. If this is true, a small additive effect of 
smoking on radiographic abnormalities might be 
anticipated. Where it is possible to judge, other 
studies have shown such an additive effect,'” 20 al¬ 
though neither study was able to adjust for level of 
exposure to asbestos 39 as has been done here. A 
specific measure of the severity of diffuse interstitial 
fibrosis would be needed to show with any certainty 
an effect of smoking on asbestosis. 

The strong effect of site of work on incidence of 
asbestosis has been noted before 5 and is likely to be 
caused by the greater awareness of asbestosis and 
claims procedures among miners than among millers 
and also the possible prejudices of members of the 
Pneumoconiosis Board in regarding exposure out¬ 
side the mine and mill as not being heavy. 

One problem with this study is that only the 
smoking history obtained in 1979 was used for 
analysis and this did not allow for change in smoking 
habits thereafter. Given the comparatively short 
follow up this is unlikely to be a major problem. Loss 
to follow up was a serious problem in other studies of 
the Wittenoom cohort where the whole cohort of 
workers was included 23 but for the cohort studied 
here, restricted to those traced and responding, no 
subject was lost to the end of 1986. It is unikely that 
the differences between responders and non-respon¬ 
ders in the 1979 survey would include differences in 
their reaction to smoking or to exposure to asbestos. 

This study has shown that the effect of crocidoiite 
on the incidence of lung cancer multiplies that of 
smoking, a finding that is consistent with previous 
studies of exposure to other forms of asbestos. In che 
Wittenoom cohort the diagnosis of asbestosis for 
compensation purposes or as the cause of death is 
closely related to the degree of exposure to crocidoiite 
but not to smoking habits. 
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